A detailed diffusion study was carried out on Cu(Ga) and Cu(Si) solid solutions in order to assess the role of different factors in the behaviour of the diffusing components. The faster diffusing species in the two systems, interdiffusion, intrinsic and impurity diffusion coefficients, are determined to facilitate the discussion. It was found that Cu was more mobile in the Cu-Si system, whereas Ga was the faster diffusing species in the Cu-Ga system. In both systems, the interdiffusion coefficients increased with increasing amount of solute (e.g. Si or Ga) in the matrix (Cu). Impurity diffusion coefficients for Si and Ga in Cu, found out by extrapolating interdiffusion coefficient data to zero composition of the solute, were both higher than the Cu tracer diffusion coefficient. These observed trends in diffusion behaviour could be rationalized by considering: (i) formation energies and concentration of vacancies, (ii) elastic moduli (indicating bond strengths) of the elements and (iii) the interaction parameters and the related thermodynamic factors. In summary, we have shown here that all the factors introduced in this paper should be considered simultaneously to understand interdiffusion in solid solutions.
A detailed diffusion study was carried out on Cu(Ga) and Cu(Si) solid solutions in order to assess the role of different factors in the behaviour of the diffusing components. The faster diffusing species in the two systems, interdiffusion, intrinsic and impurity diffusion coefficients, are determined to facilitate the discussion. It was found that Cu was more mobile in the Cu-Si system, whereas Ga was the faster diffusing species in the Cu-Ga system. In both systems, the interdiffusion coefficients increased with increasing amount of solute (e.g. Si or Ga) in the matrix (Cu). Impurity diffusion coefficients for Si and Ga in Cu, found out by extrapolating interdiffusion coefficient data to zero composition of the solute, were both higher than the Cu tracer diffusion coefficient. These observed trends in diffusion behaviour could be rationalized by considering: (i) formation energies and concentration of vacancies, (ii) elastic moduli (indicating bond strengths) of the elements and (iii) the interaction parameters and the related thermodynamic factors. In summary, we have shown here that all the factors introduced in this paper should be considered simultaneously to understand interdiffusion in solid solutions. Otherwise, some of the aspects may look unusual or even impossible to explain.
Introduction
Over the years, many studies on various important dilute solid solutions have been conducted to discern the diffusion mechanism by taking into consideration some of the responsible factors, such as the (i) vacancy formation energy, (ii) driving force, (iii) vacancy-impurity bonding and (iv) vacancy wind effect. Birchenall [1] and Le Claire [2] qualitatively established a correlation between the melting point of the alloy and the interdiffusion coefficients. It states that the interdiffusion coefficients increase with a decrease in the melting point of the alloy and vice versa. Heumann [3] developed relations for the vacancy-impurity binding energy considering the correlation factor of the impurity and the jump-frequency relationships in dilute substitutional binary solid solutions. Howard & Manning [4] characterized the diffusion behaviour of the impurity and matrix atoms using a five-frequency model. Furthermore, it is expected that the molar volume and the elastic modulus of the matrix will play a substantial role in the diffusion behaviour. Finally, the thermodynamics of the system must be taken into consideration to rationalize the trends in the diffusion data as a function of concentration. It should be noted that more than one factor is typically important in a given system. Unfortunately, the exact contribution from different factors simultaneously has not been examined earlier in detail, which may be owing to the lack of important data required for the analyses.
Cu-Si and Cu-Ga systems provide an interesting case, as here the solute Si has a higher melting point compared with Cu in Cu(Si), and Ga has a lower melting point in Cu(Ga). The required data for the diffusion analysis are also readily available in the literature. Furthermore, both the Cu-rich solid solutions crystallize as face-centred cubic (FCC). Consequently, the structure factor required for the calculation of the vacancy wind effect is also available. Moreover, the variations in activation energies for the vacancy formation with composition are available, which can be used to interpret the trends in interdiffusion coefficients. Thermodynamic assessments of both systems can also be found in the literature. Both systems are also important in many technological applications. For example, both alloys are used in the manufacturing of superconducting wires using the bronze technique where pure V rods are inserted in the Cu(Ga) or Cu(Si)-bronze ingots to obtain V 3 Ga and V 3 Si layers on annealing, respectively [5, 6] . Diffusion of Ga or Si out of the respective bronzes influences the microstructural evolution and kinetics of the product layer that, in turn, affects the intrinsic superconducting properties, such as critical current density (J c ) and critical temperature (T c ) [7] .
A few experimental studies are available in the literature on Cu-Ga and Cu-Si systems where the focus is on understanding the diffusion behaviour of Cu(Ga)-and Cu(Si)-bronze alloys. An interdiffusion study on Cu-Ga solid solution was performed by Wilhelm [8] at temperatures ranging from 500 to 700 • C. Later on, Smithells [9] determined the interdiffusion coefficientD over a narrow range of concentrations up to 3 at.% Ga. Takahashi et al. [10] evaluatedD over a range of temperatures 730-930 • C and in wide concentration ranges (up to 13.4 at.% Ga). However, the intrinsic or tracer diffusion coefficients were not estimated.
Aaronson et al. [11] determinedD in FCC Cu 5.82 wt.% Si using the moving interphase boundary (MIB) method at temperatures between 655 and 775 • C. However, as pointed out by Minamino et al. [12] , the MIB method assumesD to be independent of composition. Rhines & Mehl [13] calculatedD by a slicing spectroanalysis method only at 1000 • C where the solubility of Si in Cu is around 5 at.% Si [14] . Minamino et al. [12] investigated interdiffusion on Cu-Si over wide temperature 725-900 • C and composition ranges (up to 9.8 at.% Si). They measured the impurity diffusion coefficients of Si in pure Cu. However, the intrinsic diffusion coefficients were not estimated. An extensive diffusion study was conducted by Iijima et al. [15] at T = 627-877 • C using the Kirkendall markers that report Cu to be the faster diffusing species at all the compositions at 857 • C. The tracer diffusion coefficient of 67 Cu in pure Cu and alloys up to 1.8 at.% Si at 877 • C was measured by applying the radiotracer serial sectioning method. These were compared with the intrinsic diffusivity values of Cu and Si calculated from bulk diffusion experiments, suggesting a weak interaction between a vacancy and an Si atom in the Cu matrix. Gierlotka & Haque [16] and Cao et al. [17] have thermodynamically assessed the atomic mobilities The need for an optimized matrix composition in manufacturing of superconductors provides a strong motivation to carry out detailed diffusion studies on Cu-rich Cu(Ga) and Cu(Si) solid solutions in order to understand the detailed diffusion mechanisms. In this study, the markerbased diffusion experiments have been conducted to evaluate the intrinsic and tracer diffusion coefficients. Furthermore, the experimental results obtained in this study were rationalized by using the following factors available in the literature or determined in this work: (i) changes in the vacancy concentration as a function of the composition, (ii) changes in the thermodynamic factor, (iii) changes in the lattice parameters of the involved phases, (iv) melting points of the elements, (v) changes in the impurity vacancy binding energy, (vi) variation of elastic modulus with composition, (vii) the vacancy wind effect and (viii) interaction parameters between the diffusing element and the matrix. Even though all the above-defined factors play a definite role in diffusion behaviour of a given system, typically, the weight of the factors changes from system to system. Therefore, here we try to identify the important factors influencing interdiffusion of components in these two systems.
Experimental details (a) Diffusion couple technique
Required amounts of pure Cu (99.999 wt.%), pure Si (99.9999 wt.%) and pure Ga (99.9999 wt.% in) were measured and Cu(15 at.% Ga) and Cu(8 at.% Si) alloys were melted in an arc melting unit that attains a vacuum of 10 −4 Pa in an Ar-purged atmosphere. The composition for the two alloys was chosen according to the equilibrium solid solubility limit to FCC Cu solid solution. The alloys were melted thrice and flipped every time in order to improve homogeneity. These ingot samples were homogenized at 775 • C for 50 h. The homogeneity of the alloys was checked in an electron microprobe analyser (EPMA) by measuring the composition randomly at various spots. The deviation was found to be within ±0.2 at.% from the average composition. The alloys were then electro discharge machining cut into pieces of 1 mm thickness. After a standard metallographic preparation for the diffusion couples, TiO 2 markers of 1 µm particle size, suspended in acetone, were introduced on one of the diffusion couple members. It was then clamped with the second one in a stainless steel fixture with the smallest possible pressure for a proper bonding. The molybdenum foil was used as the barrier between the fixture and the end-members. The Cu(15 at.% Ga)/Cu and Cu(8 at.% Si)/Cu diffusion couples were subjected to heat treatments at 650, 700, 750 and 775 • C for 16 and 25 h respectively, in a calibrated tube furnace. These were selected because the heat treatments during the bronze technique are usually carried out in this range. The furnace has a temperature control of ±5 • C, and the vacuum is typically maintained at 10 −4 Pa. After the heat treatment, the diffusion couples were cross-sectioned and prepared metallographically for further examination. The composition profiles across the interdiffusion zone were measured in the EPMA, and the Kirkendall marker plane position was determined using the X-ray peaks originated from Ti.
(b) Indentation
Indentation studies were performed on a Cu(Ga)/Cu diffusion couple and Cu(Si) alloys to estimate the variation of the modulus with composition. A Vickers indenter was used, and a maximum load of 1000 mN was applied. A loading and unloading rate of 2000 mN s −1 with a pause of 5 s at the peak load was used. The distance between each of the indents was maintained as a minimum of five times the average diagonal length of the indents, so that the strain fields do not interact. The interdiffusion zone of the Cu(Si)/Cu diffusion couple is narrow, so the indentations were performed on different Cu-Si alloyed pieces having different Si percentages to achieve the modulus value at every Si at.%. Before that, these alloys were also homogenized at 775 • C for 50 h in the same calibrated furnace, and the same approach was followed to ensure their homogeneity. On the other hand, a wide range of Ga at.% was covered in the measurements because the diffusion zone thickness was already large after a single diffusion couple experiment. The modulus values were calculated using the standard Olivers and Pharr method at each indent. Ga concentration corresponding to the indentation was measured using EPMA.
(c) X-ray diffraction measurements
The lattice parameters of pure Cu, Cu(15 at.% Ga) and Cu(8 at.% Si) were determined using the X-ray diffraction (XRD) technique. Measurements were performed for two alloys to compare the results with existing data in these two systems. Diffraction peaks were determined using CuK α1 radiation (λ = 1.540593 Å), and the strongest four diffraction peaks were used for the analysis. The lattice parameter values were calculated using UNITCELL software. The 2θ values, along with their corresponding intensities, were fed as the input parameters. Accuracy of the obtained lattice parameter was within ±0.00056, ±0.0016 and ±0.0005 nm for pure Cu, Cu(15 at.% Ga) and Cu(8 at.% Si), respectively. After validating the results, the variations of the lattice parameters with composition were used to estimate the size misfit for both the systems.
Results
The typical interdiffusion zones developed on annealing Cu(15 at.% Ga)/Cu and Cu(8 at.% Si)/Cu at 775 • C for 16 and 25 h are displayed in figure 1a and composition profiles across the interdiffusion zone are presented in figure 1c ,d, and the location of the Kirkendall marker plane is marked as x K . The analytic approach undertaken here for calculating the interdiffusion coefficients at different compositions is based on Wagner's relation [18] taking the smoothed composition profile into consideration, The variation of molar volume with composition is an important prerequisite forD estimation. It is estimated for both the systems considering the lattice parameter data as available in the literature [19, 20] and is presented in figure 2b . The interdiffusion coefficients,D for Cu(Ga) and Cu(Si) systems at different compositions and temperatures are shown in figure 3a and b, respectively. It is observed thatD increases linearly with the Ga and Si concentration in the respective solid solution regions, which is in accordance with the trend reported by Iijima et al. [15] for the Cu(Si) system presented in figure 3b , whereas for the Cu(Ga) system, the trend closely follows the one reported by Takahashi et al. [10] . The activation energies forD at different compositions are calculated using the Arrhenius equation expressed asD
whereD o (m 2 s −1 ) is the pre-exponential factor, Q (J mol −1 ) is the activation energy, R (J mol −1 K) is the gas constant and T is the temperature in K. The Arrhenius plots forD in the FCC Cu(Ga) and Cu(Si) solid solutions are displayed in figure 3c,d, from which Q andD o are estimated at each of these compositions. The variation of these two parameters against the respective solutes is shown in figure 4a ,b. The activation energy is almost invariable in the case of Cu(Si), whereas figure 4a illustrates a slightly increasing trend of activation energy with respect to Ga at.% beyond 6 at.% Ga. Rhines & Mehl [13] have reported the activation energy for interdiffusion in the Cu(Si) system to follow an increasing trend, whereas the results of both Minamino et al. [12] and Iijima et al. [15] show a decreasing trend of activation energy with Si content. However, Aaronson et al. [11] found the trend to be insensitive to the Si concentration, similar to the one observed in this study. Takahashi et al. [10] found no such particular trend with regards to the activation energy for interdiffusion in a Cu(Ga) solid solution, whereas studies by Wilhelm [8] show a trend consistent with the findings in this study. According to Takahashi et al. [10] ,D o for Cu (13.4 at.% Ga) increases by an order of magnitude, whereas Wilhelm [8] reports the increment of the same in Cu (10.3 at.% Ga) by three orders of magnitude. Iijima et al. [15] reportsD o for Cu(8 at.% Si) to increase with the Si content, similar to the trend noted in this study. The values reported by Minamino et al. [12] exhibit no such distinct behaviour for the pre-exponential factor. However, asD o increases for both the systems, it explains the increasing behaviour of the interdiffusion coefficients with the solute content. It should be noted that the interdiffusion coefficients represent a kind of averaged diffusivity of the elements, as explained below (see equation (3.4)). Thus, knowledge of the intrinsic diffusion coefficients is indispensable to have an idea about the relative mobility of the species. The ratio of intrinsic diffusivities of components i and j can be estimated at the Kirkendall marker plane using the relation developed by van Loo [21] , expressed as 
By neglecting the molar volume (which was actually derived by Darken [23] ), it can be written as
where C i is the concentration of element i. The partial molar volumes of Cu, Ga and Si calculated from the molar volume variations are 7.08 × 10 −6 , 8.74 × 10 −6 and 7.43 × 10 −6 m 3 mol −1 , respectively. As we did not find much error when the variation of molar volume was neglected, we estimated the values using equation (3.4b).
The impurity diffusion coefficients of Ga and Si in pure Cu can be computed by extrapolating the interdiffusion coefficient data to 0 at. % of Ga and Si, respectively [24] , and the values are Table 1 . Interdiffusion, intrinsic, tracer diffusion coefficients and vacancy wind effects of Cu and Ga determined in the Cu(Ga) system. 
. Table 2 . Interdiffusion, intrinsic, tracer diffusion coefficients and vacancy wind effects of Cu and Si determined in the Cu(Si) system. shown in figure 5 . The activation energies for the impurity diffusion coefficients of Ga in Cu (D Ga(Cu) ) and Si in Cu (D Si ( Cu )) are found to be 99 ± 8 and 138 ± 24 kJ mol −1 , respectively. The results show that the impurity diffusion coefficients of both Ga and Si are higher than the Cu tracer diffusion coefficients [25] . A similar trend was reported by both Iijima et al. [15] and Minamino et al. [12] . To further understand the atomic mechanism of the diffusing species, it is essential to compute the tracer diffusion coefficients because they eliminate the effect of the chemical driving force on the elements. The diffusion couple technique is an indirect but reliable technique to calculate these values. It is also important to estimate the contribution from the vacancy wind effect. In general, this is evaluated from the experimentally estimated intrinsic and tracer diffusion coefficients. However, this may lead to a large error in estimation because of associated errors in both the techniques. As explained below, the vacancy wind effect can also be estimated from one of the diffusion coefficients, as explained for the Cu(Sn) system [26] . This helps to reduce the error in evaluation of the vacancy wind effect. In a binary system, the intrinsic diffusion coefficients, D i and D j , of individual elements are related to the tracer diffusion coefficients, D * i and D * j , following the random alloy model developed by Manning [27] ,
and
ln N j is the thermodynamic factor using the Gibbs-Duhem relationship for a binary system. Note here that we have neglected the contribution of molar volume change with composition because it is expected to contribute only a negligible error. Relations considering molar volumes can be found in [22] . In some systems, it can be very important to consider the variation of molar volume, as was found in the Cu(Sn) solid solution [26] . In our calculations, we have considered the faster diffusing component as i.
Shin et al. [28] have thermodynamically assessed for FCC Cu(Si) in the Cu-Si system by taking into account also the enthalpy of mixing calculated from first principles. The drawbacks of the previous thermodynamic modellings of the Cu-Si system lie mainly on the fact that the thermochemical data available for the FCC region have not been used while evaluating the thermodynamic parameters for the phase in question. Thus, the thermodynamic assessments carried out by Shin et al. [28] are considered for the determination of the thermodynamic factors in the Cu(Si) system. The thermodynamic assessment conducted by Li et al. [29] is used for the Cu(Ga) system. The Φ values for Cu(Ga) and Cu(Si) extracted using THERMOCALC software are plotted in figure 6a and b, respectively. It should be noted that the thermodynamic factor for both of the elements is the same in the case of a binary system.
Manning introduced a correction factor called the vacancy wind effect that describes the effect of vacancy flux on the intrinsic diffusivity of an element and can be expressed [27, 30] as where W i and W j are the vacancy wind factors of the species i and j, respectively. We use i for the faster and j for the slower diffusion component in the two different systems. M o is a constant that depends on the crystal structure and for the FCC crystals, the value is 7.15 [27] . Therefore, after substituting equations (3.5d) and (3.5e) in equations (3.5b) and (3.5c), we can first estimate the tracer diffusion coefficients from known intrinsic diffusion coefficients. Then, we can estimate the vacancy wind effects on Ga, Cu and Si using equations (3.5d) and (3.5e). Accordingly, it is clear that from the knowledge of intrinsic diffusion coefficients themselves we can estimate both the tracer diffusion coefficients and the vacancy wind effect. This will introduce smaller errors compared with considering two experiments. Consequently, if we estimate the vacancy wind effect from the experimentally determined values of tracer and intrinsic diffusion coefficients separately from experiments carried out by radioisotopes and diffusion couples, the resulting error should be higher because of the error associated in both the techniques. To calculate the ratio of the tracer diffusion coefficients after neglecting the vacancy wind effect, W i should be considered as zero in equations (3.5a-c). The estimated tracer diffusion coefficients considering the vacancy wind effects are summarized in tables 1b and 2b, along with the intrinsic and interdiffusion coefficients. Furthermore, we can estimate the correlation factors of the components f i and f j from the known overall correlation factor in an FCC crystal, f o , which is 0.7815. Based on the sum rule, Table 3 . Atom-vacancy exchange frequency ratios and correlation factors of (a) Cu and Ga in the Cu(Ga) system and (b) Cu and Si in the Cu(Si) system. which relates the phenomenological coefficients and the ratios of the exchange frequencies, w, Belova & Murch [31, 32] have shown that the ratio of intrinsic diffusion coefficients is equal to the vacancy-atom exchange frequencies, such that
Furthermore, these are related to the correlation factors by [33] w
The estimated correlation factors in the two different systems are listed in table 3a,b. It can be seen that with increasing temperature, the ratio of exchange frequencies, w Ga /w Cu , increases.
In the Cu-Si system, w Cu /w Si decreases with temperature, which means that w Si /w Cu increases. Therefore, in both systems, the ratio of minor to major component vacancy exchange increases with temperature. On the other hand, the correlation factor for the minor component decreases, whereas it increases for the major component with an increase in temperature.
Discussion
There are several factors that can simultaneously contribute to the experimentally observed diffusion behaviour in the two systems under consideration. These include (i) changes in the vacancy concentration as a function of the composition, (ii) changes in the thermodynamic factor, (iii) changes in the lattice parameters of the involved phases, (iv) melting points of the elements, (v) changes in the impurity vacancy binding energy, (vi) variation in elastic modulus with composition (vi) the vacancy wind effect and vacancy-atom exchange frequency and (vii) interaction parameters between the diffusing element and the matrix. Here, we discuss each one of the above-mentioned plausible factors individually, and then at the end, we draw everything together and point out the most important factors in order to find the most reasonable explanations for the observed behaviour. Hehenkamp et al. [34] and Mosig et al. [35] determined absolute vacancy concentrations in pure Cu and Cu(3.04 at.% Si) using a differential dilatometer. Data from both the sources are plotted in figure 7a for comparison. It can be observed from the figure that at a particular temperature, the vacancy concentration is significantly higher in the alloy with 3.05 at.% Si than in the case of pure Cu. Fukushima & Doyama [37] measured the apparent vacancy formation energy of a single vacancy for Ga and Si bronzes using the positron annihilation method. The outcome of the investigations supports the above-mentioned results. They observed a decrease in E vac f from 1.13 ± 0.02 to 0.92 ± 0.02 eV when the Si content in Cu was 3.9 at.% and 7.8 at.%, respectively. Similarly, they noted the E vac f being lowered down to 0.88 ± 0.02 from 1.10 ± 0.02 eV when the Ga at.% increased to 15 at.% from the original 4.6 at.%. The theoretically estimated effective formation energy by Kim [36] for disordered Cu(Ga) and Cu(Si) alloys presented in figure 7b 
Thus, the interdiffusion coefficient should increase as the solute content in the bronze alloy becomes higher in both Cu (Ga) and Cu(Si) systems. There are no significant differences between the two systems in this respect.
(b) Thermodynamic factor
The driving force (considered with respect to the thermodynamic factor, Φ) for diffusion could have a strong effect onD. The thermodynamic factor, as displayed in figure 6a ,b, increases as a function of the solute content in both systems. A slightly stronger dependence of the interdiffusion coefficient on the thermodynamic factor can be noted in the Cu(Si) alloy in comparison with that in Cu(Ga). For example, at a solute content of 8 at.% at 650 • C, the thermodynamic factor in the Cu-Si system is about 15% larger than that in the Cu-Ga system. The behaviour of the thermodynamic factor explains the increasing trend ofD as a function of Ga and Si content in the respective solid solutions shown in figure 3a,b. As discussed later on, the larger thermodynamic factor in the Cu-Si system in comparison with the Cu-Ga system also indicated higher attractive interaction between the elements in the previous system. Previous studies on systems such as Ni(Mo) [38] , Co(Mo) [39] , Cu(Sn) [26] , Fe-Pt [40] and U-Zr [41] have illustrated how the changes in the Φ values are reflected in theD curves.
(c) Changes in the lattice parameter
The lattice parameters increase with the addition of solutes in both Ga and Si bronzes [19, 20] , suggesting an increase in molar volume, as shown in figure 2a,b. However, as can be seen from the same figure, the increase in the molar volume in the Cu(Ga) solid solution is considerably more than that of Cu(Si). This is also reflected in the behaviour of the pre-exponential factorD o in the two systems, as shown in figure 4a ,b. The pre-exponential term depends on the vibrational frequency, the geometry factor, the correlation factor and the square of the lattice parameter, among other things. It can be seen from figure 4 thatD o in Cu-Si is always larger than that in the Cu-Ga system, and it also increases a bit more in the previous case. However, based solely on the lattice parameter changes determined experimentally, the opposite would be expected, as the lattice parameter change is much larger in the Cu-Ga system than in the Cu-Si system. This issue will be discussed further later on in §4e.
(d) Melting points of the elements
As shown above, Ga and Cu are the faster diffusing elements in Cu(Ga) and Cu(Si), respectively. This could be attributed to the melting point of the diffusing elements (Ga, 29.7 • C; Cu, 1084.6 • C and Si, 1414 • C) [42] . At a particular temperature, the element having the lower melting point should possess higher thermal vibration of the atoms, and thus a higher diffusion rate. Intrinsic diffusion studies on many systems, for example, Cu-Ag [43] , Cu-Au [43] , Cu-Zn [44] and U-Mo [45] show the movement of the Kirkendall marker plane towards the element with the lower melting point. This could be considered to be one of the reasons for finding higher impurity diffusion coefficients of Ga in Cu than in the Cu tracer diffusion coefficients. The case of Si is not as straightforward because Si has a higher melting point than Cu. Therefore, other factors than merely the melting point must contribute to the observed behaviour (see §4f ).
Another interesting outcome is noted on comparing the impurity diffusion coefficients of the respective solutes, as displayed in figure 5 . The values of the impurity diffusion coefficients of the solute elements, i.e. Ga and Si, fall according to the melting points of those elements. Ga, whose T m is the lowest, has the highest impurity diffusion coefficient in Cu, followed by D Si(Cu) . Thus, the melting point of a solute atom could have a significant effect on the impurity diffusion coefficient of that element in a matrix. 
(e) Impurity vacancy binding energy
The impurity vacancy bonding should also play a significant role in the diffusion behaviour. Mosig et al. [35] measured the vacancy-impurity binding energies in dilute Cu(Ga) and Cu(Si) alloys to be 0.14 and 0.19 eV, respectively, using a differential dilatometry technique. Karunaratne & Reeds [46] explained qualitatively the correlation between the solute-vacancy binding energy and the size misfit. Then, they rationalized the possible considerations for the activation energy for interdiffusion. The size misfit parameter of a solute element, ε, that considers the lattice parameter variation with the solute addition, is expressed as [47] 
where a Cu and a are the lattice parameter values of pure Cu and Cu-X alloy, respectively. | da dc | is the absolute value of the slope obtained on fitting the lattice constant values and the solute concentration in Cu. The a Cu value considered for misfit calculation is 0.362054 ± 0.00056 nm as obtained in this study by XRD measurement, which corresponds well to the reported value in the literature [48] . The obtained values for Cu(Ga) and Cu(Si) are 0.366796 ± 0.0016 and 0.362562 ± 0.0005 nm, respectively, which agrees fairly well with the reported ones. As the accuracy is within ±0.0016 and ±0.0005 nm for Cu(Ga) and Cu(Si) respectively, | da dc | is determined by considering the lattice parameter values reported in the literature given with the 1 at.% increment of solute content in Cu, as presented in figure 2a . The same data are also considered for the calculation of other diffusion parameters. The size misfit for Cu(Ga) and Cu(Si) calculated using equation (4.1) are 7.73 and 1.82%, respectively. It is noted that the activation energy for interdiffusion of Cu(Ga) is slightly lower in comparison with that of Cu(Si). This follows the reported trend of decrease in activation energy with increase in the misfit, as found for the interdiffusion study of Pt group metals in Ni [46] . The solute-vacancy binding energy is expected to be large when the size misfit is large. However, it is to be noted that there is a contradiction between the magnitudes of the solute-vacancy binding as determined by Mosig et al. and the size misfit in the two systems. In the Cu-Ga system, the size misfit is larger than that in the Cu-Si system, but still in [35] , the vacancy binding energy is reported to be larger in Cu-Si than in the Cu-Ga system. With respect to this, the tracer diffusion studies carried out in [15] , as discussed in §1, on the other hand, indicated that there is only a weak interaction between a vacancy and an Si atom in the Cu matrix.
(f) Variation of elastic modulus with composition
For further reasoning, the effect of modulus on the atomic mobility in Cu(Ga) and Cu(Si) alloys is quantitatively examined using the Vickers indenter test. The corresponding measured elastic modulus values as a function of solute content are presented in figure 8a,b. An average modulus of 112 GPa for pure Cu is obtained, which agrees fairly well with the reported literature value [49] . A decreasing trend in the modulus is noted with the addition of Si in the Cu matrix. In order to get the indents at a large number of Ga concentrations in the interdiffusion zone, the indentations were not performed in a single row. It could be noted in the composition profile (figure 1c) that the change on Ga at.% from 1 to approximately 9 at.% is within 150 µm. Thus, not many indents could be performed in this region. Nevertheless, a clear decreasing trend in the elastic modulus with addition of Ga is observed in the Cu(Ga) solid solution. As modulus is related to the bonding of components, it should become somewhat easier for the solute atoms to migrate in the matrix with a lower bulk modulus. Furthermore, Cu-Si and Cu-Ga bonds are strongly mixed in their character, and the charge distribution in the Cu matrix around Cu atoms must be changed accordingly. As a consequence, it is expected that the bonding is weakened with respect to the 'pure' metallic Cu matrix. This could be one of the reasons for finding higher impurity diffusion coefficients for both the systems compared with the Cu tracer diffusion coefficient because bond strengths of Cu-Ga and Cu-Si are lower compared with Cu-Cu. It should further be noted that the decrease in the modulus in the Cu-Ga system (as well as the size misfit) is larger than that in the Cu-Si system, which is reflected in the higher impurity diffusion coefficient of the Ga in Cu when compared with Si, according to the arguments presented above. In addition, the decrease in elastic modulus is also related to the decrease in the stiffness, and thus should be shown as the increase in vibrational amplitude. Thus, when the pre-exponential factors are considered in the two systems, based on the increase in lattice parameter alone, it would be expected that the pre-exponential term in Cu-Ga should increase more strongly than that in the Cu-Si system. However, based on the discussion above, it may be possible that the decrease in the vibrational term could act to hinder this effect. Only at 10 at.% of Ga in the FCC Cu(Ga) solid solution can one see a marked increase inD o . As discussed above, the higher diffusion rate of Cu compared with Si was related to the lower melting point of Cu. However, the faster diffusion of Cu in Cu(Si) may, in addition, be related to a preferable interaction between Cu and the vacancies. This point was considered theoretically by Iijima et al. [15] using the impurity and the tracer diffusion coefficient knowledge. The basic conclusion in [15] was that there is, in fact, a preferable interaction between Cu and vacancies. Following the above discussion on the Cu(Si) case, there could be a preferable interaction between Ga atoms and the vacancies also in the Cu-Ga case. This would allow the vacancies to exchange positions with the neighbouring Ga atoms rather than with the Cu atoms. Nevertheless, a quantitative estimation of jump frequencies is required to deduce a detailed reasoning. 
(g) Vacancy wind effect and component vacancy-atom frequency
Tracer diffusion coefficients and the vacancy wind effects were determined from the estimated values of intrinsic diffusion coefficients. It can be noted that the vacancy wind effect is higher in Cu(Si) compared with Cu(Ga) solid solution because of the difference in the ratios of the intrinsic diffusivities in these systems. The higher the ratio of intrinsic diffusivities, i.e. the higher the difference in the diffusivities of the components, the higher the vacancy wind effect. This can be understood from the (1 ± W i ) values, as listed in tables 1b and 2b. Furthermore, the major component, i.e. Cu, is affected more compared with the minor components, which can be understood from equations (3.5d) and (3.5e), where mol fraction N i dictates how composition in terms of mol fraction influences the vacancy wind effect. The estimation of the intrinsic diffusion coefficients indicates that the ratio for minor to major vacancy-atom exchange frequency increases with temperature.
(h) Interaction parameters
Based on the assessed thermodynamic data on the Cu-Ga and Cu-Si systems, the interaction parameters (L 0 ) are −38799.9 + 17.8403 × T and −41305 + 26.591 × T for the Cu-Ga and Cu-Si systems, respectively. Thus, there is a slightly larger attractive interaction between Cu and Si than that between Cu and Ga, as reflected also in the values of the thermodynamic parameters (figure 6). Consequently, it is expected that the interdiffusion coefficient is smaller in the Cu-Si system than that in the Cu-Ga system as the interaction between the diffusing element and matrix is stronger in the Cu-Si system. Support for this argument can be found in figure 3a ,b, where the interdiffusion coefficient is smaller throughout the measured concentration range in the CuSi systems compared with that in the Cu-Ga system. The stronger interaction between Cu and Si when compared with that between Ga and Cu is further exhibited in the impurity diffusion coefficient values, as discussed in the context of the melting point of elements above. Accordingly, the impurity diffusion coefficient of Ga is higher than that of Si in the Cu matrix. Typically, when attractive interaction between the matrix and atom diffusing in the matrix is increased, the diffusion rate should decrease as the matrix induces higher 'lattice friction' to the diffusing element. This is shown, for example, in Au-Sn, Cu-Sn and Ni-Sn systems, where diffusion of Au in Sn is fastest, Cu in Sn the next and Ni in Sn is by far the slowest. Interaction between the metal in question and Sn increases in the same direction [50, 51] .
Conclusion
It has been long known that many factors influence the diffusion of components at the same time. However, these have not been discussed together in the context of any real system before. Owing to the reasons outlined in §1, the Cu-Ga and Cu-Si systems provide a unique opportunity to carry out this type of analysis for the first time.
Kirkendall marker experiments indicated that Ga is the faster diffusing component in Cu(Ga), whereas Cu is the faster diffusing component in Cu(Si). This can be easily understood firstly, based on the melting points of the components. In both the systems, components with lower melting points have higher diffusion rates because of higher thermal vibration. Another contributing factor is considered to be the Ga-vacancy interaction in the Cu(Ga) alloy, which is higher than the Cu-vacancy interaction in the Cu(Si) alloy. This difference in the impurityvacancy interaction was validated by Iijima et al. [15] for Cu(Si). We could not compare the vacancy wind effects or the vacancy-atom exchange frequencies between these two systems because these are determined at different compositions.
It was found that the impurity diffusion coefficients of Si and Ga in Cu are higher compared with the tracer diffusion rate of Cu in Cu. In the case of Si, this cannot be explained by the melting point of the elements. However, the observed decrease of the elastic modulus with the increasing content of the solute indicated that the Cu-Cu bonding strength must be higher than that of Cu-Ga and Cu-Si. Because of the higher bond strength of Cu-Cu, the diffusion rate of Cu is lower compared with the solutes. Furthermore, the size misfit, which directly relates to the void size, was higher in Cu-Ga in comparison with Cu-Si. Accordingly, the activation energy for Ga impurity diffusion was lower when compared with that of Si. As expected, the highest activation energy for the impurity diffusion was that of Cu in Cu with zero size misfit.
The interdiffusion coefficient in the Cu-Si system is smaller than that in the Cu-Ga system, as expected based on the stronger interaction between Cu and Si in comparison with that between Cu and Ga. Furthermore, in both the systems, the interdiffusion coefficient increases with the increase in solute content. The increase in thermodynamic parameters with the increase in solute content supports this finding. Decrease in the vacancy formation energy, i.e. increase in vacancy concentration with increasing solute content, further supports the observed trends in the interdiffusion coefficient. In addition, the increase in the lattice parameter as a function of the solute content points to the same conclusion. Interestingly, it can be noted that the increase in interdiffusion coefficient is mainly attributed to the increase in the pre-exponential factor because, in both systems, the activation energy is more or less constant at different compositions.
The reasons for the changes in the pre-exponential factor include changes in lattice parameters and in the elastic moduli. It was shown that consideration of only one factor (lattice parameter change) may lead to confusing results between the two systems. As the vacancy formation energy decreases with increasing solute content, we would expect to see a decrease also in the activation energy for interdiffusion. As this is not observed, it may well be possible that the energy required for migration also increases as a function of the amount of solute. This is supported by the noted increase in the thermodynamic factor as a function of concentration of Si and Ga in Cu. In addition, the vacancy-impurity binding energy decreases as a function of increasing solute content.
The estimation of the vacancy wind effect indicates that the major component Cu is affected more in both systems, which is expected [26, 52] . It is to be noted that the faster diffusing component becomes even faster, and the slower diffusing component becomes slower because of this effect. As Cu is the slower diffusing component in Cu(Ga) and the faster diffusing component in Cu(Si), it is affected differently in these two systems.
As discussed in §1, this kind of overall analysis about the role of several different factors in diffusion behaviour in a given system has not been carried out before. Even though it was found that all the different factors have a role in the diffusion behaviour, they are strongly interrelated, and the weights are different. For example, vacancy formation energies, changes in lattice parameter, bond strengths and the melting point of elements are related. In this case, it can be stated that the three most important factors that can be used to rationalize most of the experimental data are (i) number and formation energies of vacancies, (ii) elastic modulii (indicating bond strengths) of the elements and (iii) the interaction parameters and related thermodynamic factors. Finally, it is to be noted that by considering only one or two factors contributing to the diffusion behaviour in a given system may lead to erroneous conclusions.
